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easier. The reasons for this temperature effect are not apparent from the present
tests and additional investigations must be accomplished to verify the effect and dis-
cover its cause. Additional temperature effects for single nozzles with various flat
plates are presented in Appendix A.

3.1.3 WIND AND PITCH EFFECTS. The effect of wind over deck on the induced
forces and moments has been investigated for two medium spaced nozzles with a rec-
tangular plate. The wind effect on the total forces and moments with two nozzles is
presented in Figure 17. Significantly large total induced lift losses and a nose-up
pitching moment are shown due to the 30 knot wind. Note that this data includes the
effect of wind on the plate. However, the incremental or net fountain effect is actually
more positive in the presence of the 30 knot wind, as shown in Figure 18. This posi-
tive increase is not due to a stronger fountain core (Section 3. 3), but :s due to a change
in the flow pattern below the blocking surface that leads to a decrease in the negative
interference effects of the fountain. The interference effects are discussed in further
detail in Section 3. 6. It is noted that a slightly different testing technique was required
to determine the incremental fountain effect in the presence of a crosswind. Since the
nozzles are not located in the center of the plates, which results in nonsymmetric
effects in a crosswind, it was necessary to test each half of the plate with its nozzle
operative in the presence of its mirror image. The sum of the individual plate loads
was then compared with the total load with both nozzles, as shown in Figure 19 to
determine the incremental net fountain effect.

Pitch effects were briefly addressed with the two moderately spaced nozzles. The
effect on the total induced forces and moments is shown in Figure 20. The irregular
nature of the data as a function of model height for 10 degrees pitch is indicative of
the complicated recirculation flow pattern. Integrations of the limited fountain core
data, Figure 38 in Section 3. 3.2, show a slightly weaker fountain at h/D = 5, which is
consistent with the force data of Figure 20.

3.2 VELOCITY

Flow velocities and directions in the fountain core have been determined with the
pressure rake described in Section 2. Representative plots that illustrate the basic
fountain flow characteristics for two, three, and four nozzles are presented in this
section,

Flow directions in the fountain formed between two nozzles, which are 12,76 nozzle
diameters apart dg/D = 6.38), are shown in Figure 21 for several model heights.
“leasurements were made at three heights in the fountain except for the lowest model
helght, h'D = 2.5, where physical restrictions of the rake size reduced the sweeps to
two.  The dashed lines indicate the fountain flow directions derived from the measured
values.  The two nozzle configuration forms a fountain "'sheet." A similar flow sys-
tem could be developed by rotating the ground jets emitting from each nozzle upward

it a lire along their intersection, as illustrated in Figure 22 and compared to right
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Figure 18, Wind Increases the Fountain Lift Increment

hand side of Figure 21. The streamlines in the intersection (Y-Z) plane are generally
linear and well behaved. The fountains have a non-linear pattern in the X-Z plane
indicative of the effects of mass entrainment and the decay of the fountain strength. A
comparison between the measured flow angles (0F) of Figure 21 at h/D = 5.0 and
angles obtained by extending and rotating the ground jet is presented in Figure 23.
Good agreement is obtained, thus verifying the rotated ground jet analogy for this two
nozzle configuration.

Dynamic pressure contours for the same two nozzle configuration are presented in
Figure 24 at an h/D of 5.0. The fountain ""sheet" is apparent at the lower rake heights.
At a height of 3. 8 nozzle diameters (Z/D) the fountain has decayed to low values of
dynamic pressure and the contours have become irregular in shape.

24

ko




e

]

i i . 0 (] R
Run  Configuration T~°F

2
97 N8 P12_1 400
2
100 N9 Péz‘l 400
2
95 N8 N9 P12 400
T P e e |
de/D = 8.32 || -t
o S |
i | | i ' | |
N 2% i P it
1.0 ! e ' S
s . "’ g T \ I !
| bre e
p i % Lasdd
{ | I} | {
_1.1 i Al L L { \ L M
0 2 4 6 8 10 12
h/D 65322-20

Figure 19. Additional Data Were Required to Isolate the Fountain Effect
in the Presence of a Wind

25




- e ﬁ—'“—'——-—'—-_ﬂmaﬂﬂmmﬂ

data to the height of the blocking surface yields an estimation of the fountain core force
that acts on the plates. There is no positive force on the plates for most of the two
nozzle configurations tested. In other words, the vertical components of momentum
become zero before the fountain reaches the blocking surface. An exception is the
medium spaced nozzle case at low heights, h/D of 2.5, where a lift force approxi-
mately equal to 1% of the nozzle thrust is experienced. As a contrast, the strong
fountain produced by the four nozzle arrangement results in a positive force of 2 to 39
thrust at all model heights tested.

The effect of blocking surface height on the fountain core lift is highlighted in Figure
42. Generally, increased blocking surface height yields a stronger fountain (see dis-
cussion in Section 3.4 with the lone exception being intermediate nozzle spacings

(dy/D = 3.32) at low h/D. This effect is not completely understood at the present time.

The three nozzle configuration also produces positive fountain core forces on the
blocking surface, Figure 43. However, as discussed previously, these are not total
forces since only one portion of the fountain was considered. The data for the two dif-
ferent nozzle sizes tested tend to collapse when nondimensionalized by the thrust, but
the configuration with lower equivalent spacing (D = 1. 61) produces somewhat higher
forces.

3.4 FOUNTAIN ENTRAINMENT CHARACTERISTICS

The fundamental flow mechanism responsible for the forces experienced by blocking
surfaces or the lower surfaces of the hovering jet powered VTOL airplaces are the
entrainment of the ambient gas by the free jets emitting from the nozzles, the radial
ground jets, and the fountains, Extensive previous work with the free jet and the
ground jet, References 3 and 2, has determined their entrainment characteristics.
One of the principal goals of this specific investigation was to determine the missing
link in the entrainment picture, that is, the fountain entrainment characteristics.
Definition of the fountain entrainment rates, or their distributed sink strengths, is of
primary importance in the modeling of the flow fields surrounding VTOL vehicles that
are hovering near ground.

3.4.1 MASS FLOW INTEGRATION. The fountain mass flow characteristics were
determined from the experimental data by means of integrating the velocity informa-
tion obtained from the fountain rake. The mass flow per unit area is derived directly
from the continuity equation:

YhT :j_,'f (pv . d-A)

To determine the mass flow through an X-Y plane parallel to the ground, the equation
becomes
_ 82,2

mp = 144 ijV oS g COS Y dxdy
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Blocking Surface Height Has a Significant Effect.on the Fountain Lift

Figure 42,

52

b o

T o




T3 3 S U S S AT

T=400°F

*Not total force - fountain
raked in one direction only

O
VN3N 3N 3 p
¥ L jpi e N10® N :3,:1'
‘F-pc B i
S
_'3'5' N i : : ::;:
4 N §1‘ it i:‘:
i TR LT
: - 1 1 - - =36 b
i BReHeiRtEEbe sos ek Blocklng surface
00 1 1 4:“ Liilrgiey
Z/D 65322-44

Figure 43. The Fountains Between Three Nozzles become Stronger When
the Blocking Surface is Raised (h/D Increased)

where th = Total fountain mass flow through an X-Y plane,
1b, /sec
p = density, slug/ft3

V = velocity, fps
= Euler angles of the flow direction from vertical, deg

OF’ 7F
0 32.2 ;
Si - | = S |
nce m = 2(32.2)Qp/V Tad PV |

the expression becomes
mp =ff m cos oF cos ‘7F dxdy

where m = mass flow per unit area in the fountain,

1by,/in%/sec

The interactive graphics procedure discussed in the previous section was also applied
to the mass flow data so that they could be edited and faired. For convenience the
term (th cos §p cos 7g) was used. The resulting faired values of this term are pre-
sented in Appendix B for each of the conditions tested.
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To determine the mass entrainment in the fountain, it is necessary to develop flow
streamlines so that a specific segment of the flow, within the rake survey boundaries,
can be studied. A schematic of the procedure used is presented in Figure 44. The
streamlines developed from the rake surveys are extended to the ground plane and a
representative segment chosen, C-A, and D-B in I'igure 44. The portion of nozzle
mass flow entering this segment is defined by the angle ¢. The mass flow through the
X-Y plane at each value of Z is then calculated by integrating the mass flow per unit
area in the X-direction and between the Y locations defined by the AC and BD stream-
lines. The resulting mass flow is then nondimensionalized by the fraction of the noz-
zle mass flow entering the segment ¢, to obtain a total mass entrainment ratio,
th/rhj. This ratio defines the sum of the mass entrainment in the free jet, the wall
jet, and the fountain for the flow segment of interest.

Determine nozzle flow segment, ¢ Develop streamlines
7z 7 2Z
‘ 3 2 1
P
4 -
-...A- ﬂ'—-—+— 2
--.-?: C« A
‘ 4—{;——% Z
44 /
151 g 1
O
-+ YN < }
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Z
1

MmN \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\_\\\\\\\\\\\\\\\\\w 65322.45

X

Figure 44, Mass Flows are Determined by Integrating Fountain Flow Characteristics

3.4.2 FOUNTAIN ENTRAINMENT RESULTS. The fountain is a physical extension of
the ground jet and in this respect it is expected to retain certain ground jet character-
istics. This is especially true for the fountains between two nozzles. Here we would
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expect to find the usual lateral divergence of flow and entrainment of surrounding
medium. The examination of the fountain test data, however, shows some surprising
characteristics. The first striking result is that a fountain between two nozzles,
unlike the ground jet, does not gain mass but loses mass (Figure 45). In other words
the fountain is not entraining but is being entrained by a stronger source (Figure 46).
This strong sink with an appetite for the fountain turns out to be the ground jet (see
Sections 3.5 and 4). We can say the fountain is blocking off one avenue through which
the ground jet is normally supplied with gasses for entrainment (Figure 46, Item B).
As a consequence of this blockage and the resulting gas supply deficiency, the ground
jet will entrain the relatively low energy gases in the fountain (Item C).

It is important to remember that in the context of this report the fountain is considered
to be the definable vertical or near vertical column or sheet of flow raising from the
ground. Flows of comparable velocities are present in the recirculation flow pattern
in other directions, e.g., horizontal or down, but these are not considered to be part
of the fountain for this analysis.

One most interesting point is that the mass flow in the fountain between two nozzles
becomes zero in most cases before it can reach the blocking surface (Figure 45). In
terms of a hovering airplane, this means that the fountain is unlikely to reach the
underside of the airplane (blocking surface). It is entrained before it gets there. The
exceptions to this rule are cases where the blocking surface is close to the ground

h/D = 3.0 and the nozzles are relatively closely spaced (distance to fountain about four
nozzle diameters dg/D = 4). The locations where fountain mass flow tmp/m; becomes
zero are shown in Figure 47. Note that the data are applicable to two nozzles, rec-
tangular plates, and exhaust temperatures of 400°F.

It is apparent from Figure 47 that the dissipation of the fountain is directly related to
the height of the blocking surface. With a higher blocking surface location, more of
the entrained gas can be supplied through the opening around the edges (cross-hatched
area of Figure 48) and the fountain will survive for a longer distance.

The maximum fountain height data is plotted in Figure 49 and is based on the extrapo-
lations of the information in Figure 47. The data are applicable to conditions where
the blocking surface is sufficiently removed to have any effect on the fountain (h/D =
10) and is an indication of the maximum heights the fountain is expected to reach in
the presence of '"normal" ground jet entrainment action.

The fountain between three nozzles loses mass at a significantly reduced rate (Figure
50). Note that the fountain survives sufficiently long enough to reach the underside of
the blocking surface. Consequently, we would expect to see a positive lift contribu-

tion here from the fountain core. This is in general agreement with the force data of
Section 3.1,
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Figure 46.
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The Fountain Blocks the Flow of Gas to the Ground Jet
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Figure 47. The Fountain Reaches Zero Mass Flow Prior to Contacting the Blocking
Surface Except for Closely-spaced Nozzles (Two Nozzles)

The loss of mass phenomenon does not apply to fountains between four nozzles. Here
we are dealing with a higher energy (Q) system that is the less susceptible to the
entrainment action of the ground jet. This can be seen from the lower plot of Figure
50. The fountains gain mass, that is, entrain surrounding air. The source of this
air was not ascertained during the tests. However, the fountain temperatures (Section
4.0) seem to indicate that a significant percentage of the fountain gas is recirculated
and reentrained subsequent to impacting with the blocking surface. The rapid disap-
perances of the legs of the Y and the X (Figures 27 and 29) also seem to indicate that
these components of the fountain with relatively low Qs are entrained early. Also note
that the fountain entrainment rate (slope of mp/m; with Z/D) becomes zero prior to
impacting with the blocking surface for the models tested.

3.5 THE EFFECT OF THE FOUNTAIN ON THE GROUND JET

Of particular interest in Figure 45 are the intersections of the curves with the ordi-
nate mp/m;. Since these extrapolations correspond to Z/D values of zero, they rep-
resent the entrainment in the free jet and ground jet up to the base of the fountain.
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Figure 48. At Higher Locations of the Blocking Surface More of the Entrained Air
Can Be Obtained Through the Sides (Cross-Hatched Areas)
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Figure 49. Maximum Fountain Height is a Function of Nozzle Spacing (Two Nozzles)

Comparison of these points with the predicted free jet plus ground jet entiainment with
no fountain present, from Reference 3, shows that the free plus ground jet entrain-
ment has been considerably reduced by the presence of the fountain, Figure 51. This
reduction in free plus ground jet entrainment becomes less pronounced as the model
or blocking surface height is increased and at values of h/D of 10 to 15, depending on
nozzle spacing, the normal levels of free plus ground jet entrainment is reached.
Similar information is presented in Figure 52 for the three and four nozzle cases.

This phenomenon, described as the significant reduction of the ground jet entrainment
rates caused by the fountain, is considered to be one of the most significant discover-
ies during this research program. At the present time, Figure 48 and the description
in Section 3.4.2 are advanced a= the explanation of the phenomenon. It also demon-
strates that all fountain and entrainment analytical models that do not include '"second
order' effects, such as the iniiuence of the fountain on ground jet entrainment, are of
little value, if any. It appears these so-called '"'second order'" effects largely domi-
nate the flow fields associated with multi-nozzle VTOL concepts. They can not be
ignored.

The data of Figures 51 and 52 can be used to determine the approximate limits where
the fountain influence on ground jet entrainment disappears. This corresponds to the
location (h/D) where normal ground jet entrainment rates are reached at the fountain
intersection with the ground jet (Z/D = 0). This information is plotted in Figure 53.
Needless to say, the data are based on extrapolations and should be considered to be
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approximate. The data do indicate that for widely spaced nozzles (df/D = 6) the foun-
tain has no influence on ground jet entrainment for blocking surface heights equal to
more than 13.5 to 16 nozzle diameters. Ior closer nozzle spacing, df/D = 3, this
fountain effect disappears at lower heights (about h/D of 9 to 10).

3.6 FOUNTAIN INTERFERENCE EFFECTS

It was pointed out in Section 3,0 that the fountain produced forces are categorized as
lift generated by the fountain core, and interference effects. In the past, these inter-
ference effects were thought to be largely negative for the case of two nozzles (Refer-
ence 4). Data for three or four nozzles were not available at that time.

The accurate definition of fountain core generated forces (Section 3.3) has made it
possible to reevaluate these interference effects, including Figure 4-6 of Reference 4.
The new data for the two and four nozzle configurations is presented in Figures 54 and
55. These data were developed in the following manner.

The net effect of the fountain was derived as shown in Section 3.1 (Figure 15). The
next question to be addressed was how much of these forces could be attributed to the
interference effects. To answer this question, the lift due to the fountain core (Figure
41) was subtracted from the net fountain effect (Figure 15). The residue constituted
the interference effect.

AL L
s Py
F F, F
) J J
where ALfi = Lift due to fountain interference
ALf = Net effect of fountain (see Figure 15)
L s = Lift gain due to fountain core (see Figure 41)
F

These results were referenced to the area between the nozzle and the fountain, which
represents the region over which the fountain and the induced effects will be con-
centrated as shown in Figure 56.

AL
fi 2
Kfi - Fj /(sf/D)

The term Kﬁ, estimated by the above equation, is presented in plotted form in Fig-
ures 54 and 55.
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Fountains Between Two Nozzles Generate Mostly Negative

Interference Effects

Figure 54.
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Figure 55. Fountain Between Four Nozzles Produce Positive Interference Effects

Since the test data were inadequate to define the vertical component of momentum
(ALg) for the fountain between three nozzles, the interference effects could not be
determined for this geometric arrangement.

The interference data presented in Figure 54 have one prominent feature: under cer-
tain conditions the interference effect is positive. The region where this was found to
be true is shown in Figure 57. Note that the data apply to two nozzles only. As can
be seen, this positive effect is only present at blocking surface positions close to the
ground (for h/D < 3.6) and is most prominent for widely spaced jets. For jet nozzles
only 5 diameters apart (df/ D = 2.5), this positive effect disappears already at

h/D = 2. 5.

The exact nature of the flow field that produces this positive effect is unknown at the
present time. Let us only point out that when two nozzles are widely spaced and the
blocking surface is close to the ground, the total system assumes some of the char-
acteristics of a ground effect vehicle or a flat bottom plate with a peripheral narrow
slot jet.

The interference effects for the four nozzles are indicated in Figure 55, and are posi-
tive for all conditions. In other words, the positive lift experienced by the blocking
surface is more than can be attributed to the fountain core. Evidently a more positive
or less negative pressure field exists below the blocking surface.
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Figure 56. The Fountain Produced Interference Effects are Referenced to the Area Sg
Between the Nozzle and the Fountain Theoretical Centerline

67




4 ] TN I T 7777777777777 77 1

S ,‘..,::":: ..... fErtay

° REGION QF POSITIVE
INTERFERENCE
EFFECTS

.....

h/D

~ NOTE:

1. PLATE IS 13.1 NOZZLE DIAMETERS =
, WIDE ::;'7
: : [ 112 T=400°F i
i ! .g 3. D=1.41IN. [
s b b TR R e
0 2 4 3 8 10
d¢/D 65322-58

Figure 57. Positive Interference Effects Exist Only for Widely Spaced
Nozzles at Close Proximity to the Ground (Two Nozzles)

One way to look at the flow field below a multi-nozzle concept is as shown in Figure
58. The diagrams depict conceptually the fountain close to the ground and do not rep-
resent any test data. For all cases the distance to the fountain (df/ D) is the same.
The fountains will produce increasingly more positive interference effects, as the
angle @ is decreased from 180 to 60 degrees. This effect is shown also on Figure 55
where interference effects for a straight fountain (2 = 180 deg) for identical nozzles to
fountain spacing are presented (df/ D). Note that the characteristics of the data are the
same. However, the data for the fountain with a 90-deg bend is displaced significantly
in the positive direction. This displacement, or AKﬁ is presented in Figure 59. It is
regrettable that the test data was insufficient to produce a similar curve for the three
nozzle case. Should it be tested again, the data are expected to be about one-half of
the values shown in Figure 59.

Again, we are faced with the question regarding these highly positive interference
effects. These questions will remain unanswered until the complete flow fields sur-
rounding the fountains are documented and understood. We will only point out again,
that the larger the number of nozzles that are arranged in a circular pattern (Figure
60) the more we approach the flow field of a hovering ground effect vehicle. The test
results with the four nozzles substantiate this trend.
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Figure 58. Positive Interference Effects of the Fountain Increase With
Decrease in ©
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Figure 59. The Interference Effects for Fountains Between Four Nozzles are Signifi-
cantly More Positive than for Comparably Spaced Two Nozzles

QOO
#1680

65322-61

Figure 60. The Arrangement of a Large Number of Nozzles in a Circular or Ellipti-
cal Pattern will Produce Positive Pressure Fields
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3.7 SUGGESTED METHODOLOGY FOR PREDICTING FOUNTAIN EFFECTS

This document follows the basic approach outlined in Reference 4. First, the object
of analysis (airplane) is divided into segments as shown in Figure 61. Note that each
"cut" is made along the estimated fountain centerline. When the nozzles are of equal
diameter and operate under identical pressure ratio and temperature conditions, then
the divisions are made along lines equidistant from the nozzles (Step 1, Figure 62).
Next, the induced effect of each radial ground jet on the corresponding segment is
estimated (Step 2, Figure 62). This estimate assumes that no fountains exist, and can
be made according to the number of empirical and analytical procedures currently
available. The accomplishment of this calculation is not the subject of this document
and consequently is not treated further. Next the output of Step 2 is corrected for
fountain effects.

TREAT AS APLATE
WITH ONE NOZZLE

AND TWO FOUNTAINS
6532262

Figure 61. Aiter the Planform is Divided into Segments Along Fountain Centerlines,
each Segment is treated as a Separate Problem and the Lift Losses from
Ground Jet and Fountain Effects are Estimated

The empirical approach for estimating these fountain effects, outlined in Reference 4,
proposes that these effects consist of two principal components: the lift gains attrib-
uted to the raising column of gas, also referred to as the fountain core, and the inter-
ference effects generated by its subsequent interaction and response to the radial
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Figure 62. Proposed Sequence for Calculating Induced Effects

ground jet and its related entrainment action. We will address first the estimation of
the fountain core generated lift (Step 3, Figure 62).

As was pointed out in Section 3.3, the fountain between two jets is very weak, dissi-
pates early and seldom reaches the underside of the blocking surface. Unless the
nozzles have an intermediate spacing (dg/D = 3.32), the vehicle is close to the ground
(h/D < 2.5 or 3), or the bottom of the fuselage extends significantly below the exit
plane of the nozzles, the fountains will not reach the blocking surface or fuselage. In
other words, the fountain core will not generate positive lift. Even under the most
favorable conditions when the fountain does reach the blocking surface, the lift con-
tribution will equal 1% of the engine thrust or a fraction thereof (see Figure 41).

The opposite is true for propulsion system arrangements incorporating three or more
nozzles in a nonlinear arrangement (triangle, rectangle, pentagon, octagon, etc.). In
all these cases, the fountain core is expected to reach the blocking surface and con-

tribute to the lift at hover, as indicated on bottom of Figures 41, 42, and in Figure 43.

The data presented for four nozzles in Figure 41 are only applicable to a nozzle to
fountain spacing (d¢/D) equal to 3.57 and 4. 2 nozzle diameters. Should the spacing be
different, then the data should be corrected. Figure 43 gives a clue to the magnitude
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and direction of this correction, although the data is applicable to a three nozzle
arrangement. Note that for the wider spacing (D = 1.32 versus D = 1. 61) the fountain
core lift decreases from 0.5% to 0.4% at h/D of 3.5, and from 0.7% to 0. 6% at h/D of
5.C. (Increase in nozzle spacing is 1.61/1.32 or 22%.)

Although the four nozzle arrangement produces a powerful fountain core relative to
the two nozzle configuration, it should be noted that the lift gains recorded during the
test ranged from 27 of engine thrust at h/D of 3.5, to 2.9% of engine thrust at h/D of
8.0. Both numbers are small when compared to the large lift losses produced by the
ground jets (often exceeding 10 or 209 of engine thrust at low heights).

For cases involving fountains that impact extremely narrow fuselages or blocking sur-
faces, corrections can be derived from Figures 35, 36, and 37 for two nozzles, from
Figure 40 for configurations involving three nozzles, and from Figure 39 for vehicles
with four nozzles. In addition, indications for corrections for wind and ground plane
inclination can be derived from Figure 38. Note that these specific data are applic-
able to two nozzle configurations only.

The last item to be derived is the interference effect (Item 4, Figure 62). Before
this can be accomplished, the reference area for these interference effects must be
calculated (see Figure 56). The interference coefficient (Kg;) fow two nozzle configu-
rations or for straight fountains (Q = 180 deg, see Figure 58) can be derived directly
from Figure 54. Note that for most cases, the interference effect is negative. The
Lift lozss is the product of K¢; and the nondimensionalized fountain reference area
(Sg/D%).

A similar procedure exists for a four nozzle case. For the nozzle to fountain spacings
of 3.57 and 4.2 nozzle diameters, data from Figure 55 can be used directly, For other
nozzle spacings, it is recommended that data from Figure 54 be used and corrected by
the addition of the correction term (AKﬁ) from Figure 59. Needless to say, this pro-
cedure becomes rapidly inaccurate when nozzle to fountain spacings differ signifi-
cantly from 3.5 to 4.2 diameters.

A procedure is not presented for a three nozzle case. However, unless other data is
available, the method described above can be used to calculate approximate interfer-
ence lift gains. When using Figure 59, approximately one-half or less of the value
should be used.

Anyone proceeding with the calculations suggested in the preceeding paragraphs will
undoubtedly be impressed with the relatively large magnitude of the fountain interfer-
ence effects and the small contribution of the fountain core. For the two nozzle case
(2 = 180 deg) the interference effects constitute all or a major share of the fountain
contribution. Even in the case of a four nozzle arrangement, where a strong fountain
core exists, the interference effects equal or exceed the core contribution. For the
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case tested, these two effects are shown in Figure 63. Note that at h/D of 8,0, the
core produced lift equals the interference effect (both are positive). For a h/D of 4. 0,
the core produces lift equal to 27 of thrust, while interference effects contribute 4.49%.
At h/D of 2.5, the numbers are 2.15% and 15. 85% respectively. We will conclude
with the observation, that when it comes to fountain generated lift, it is not necessar-
ily the fountain that matters, but the formerly called ''second order' or interference
effects.,

3.8 RECOMMENDATIONS FOR ADDITIONAL RESEARCH

This program represents a major milestone in the research into the understanding of
the basic nature of fountains and their role and contributions to the induced effects of

a hovering jet powered VTOL vehicle. Like any proper research program, it suggests
additional areas for investigation and exploration. A number of these areas are listed
below.
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Figure 63. Even for Configurations Involving Powerful Fountains, The Induced Effects
are Equal to or More Significant than the Fountain Core Contributions
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Two fountain concept.

The exact combinations of nozzle spacings and heights (h/D) where the foun-
tain does impact the blocking surface need to be defined. Currently we know
that at the approximate nozzle spacing of 3.2 or less and at h/D of 2.5 or
less, the fountain does reach the blocking surface. However, the nozzle
spacings tested dg/D = 1,06, 3.32, 6.38 were too far removed to permit
pinpointing this critical region. It is suggested that the tests be repeated
with nozzle to fountain spacings of 2, 2.5, 3.0 and 4.0 nozzle diameters

and at h/D = 2,0 to 4.0 to define this area.

Three nozzles.

The interference effects for the three nozzle case could not be estimated
because the fountain core was inadequately defined during the tests. To
overcome this problem, the test equipment (rake) should be modified and
tests repeated. The data should be obtained with at least two nozzle diame-
ters. Additional tests should be accomplished with other unsymmetric noz-
zle spacings in order to determine this gecometric effect on fountain core
inclination (Figure 26).

Four nozzles.

The major deficiency is the fact that only one configuration was tested. That
represented a rectangular and not a square nozzle arrangement with nozzle
to fountain distances equal to 3.57 and 4. 2 nozzle diameters (Figure 7). The
dependence of the interference effects on this spacing parameter were con-
sequently not determined (Figures 55 and 59). Tests should be repeated as

a minimum with a square nozzle arrangement and with at least two nozzle
sizes (or df/D ratios).

Temperature effects.

Tests have indicated repeatedly that a higher temperature fountain produces
a more positive fountain effect (Figure 16 and Reference 4). The source of
this effect needs to be determined. Specifically, it is due to a more power-
ful fountain core or reduced interference effects? At the present the latter
seems to be the case, but this needs to be substantiated by a detailed exami-
nation of the fountain core. The temperature effects on fountains between
three and four nozzles also need to be documented. Specifically, we need to
address the large temperature effects between 70°F and 200°F, and the
apparent small changes in fountain contributions when the exhaust tempera
ture is raised from 200°F to 400°F,

The effect of wind and deck inclination was only touched upon during the
investigations. It was found that wind produces a more positive net |
effect when applied to two nozzles. It appears to reduce the 1os .
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